Depending on its stringency, exposure to heat in early life leads to either resilience or vulnerability to heat stress later in life. We hypothesized that epigenetic alterations in genes belonging to the cell proteostasis pathways are attributed to long-term responses to heat stress. Epigenetic regulation of the mRNA expression of the molecular chaperone heat-shock protein (HSP) 70 (HSPA2) was evaluated in the chick hypothalamus during the critical period of thermal-control establishment on day 3 post-hatch and during heat challenge on day 10. Both the level and duration of HSP70 expression during heat challenge a week after heat conditioning were more pronounced in chicks conditioned under harsh versus mild temperature. Analyzing different segments of the promoter in vitro indicated that methylation of a distal part altered its transcriptional activity. In parallel, DNA-methylation level of this segment in vivo was higher in harsh-compared to mildheat-conditioned chicks. Hypermethylation of the HSP70 promoter in high-temperature-conditioned chicks was accompanied by a reduction in both POU Class 2 Homeobox 1 (POU2F1) binding and recruitment of the nucleosome remodeling deacetylase (NuRD) chromatin-remodeling complex. As a result, histone H3 acetylation levels at the HSP70 promoter were higher in harsh-temperature-conditioned chicks than in their mild-heat-conditioned counterparts. These results suggest that methylation level of a distal part of the HSP70 promoter and POU2F1 recruitment may reflect heat-stressrelated epigenetic memory and may be useful in differentiating between individuals that are resilient or vulnerable to stress.
Early-life stress can change neural architecture to increase adverse reactions to stressors, leading to stress -resilience or vulnerability (Franklin et al. 2012; Silberman et al. 2016) . Exposure to heat stress during the critical period of thermalcontrol establishment (between days 3 and 5 post-hatch) in chicks causes long-lasting alterations that contribute to a differential response to subsequent related stimuli (Kisliouk et al. 2014; Cramer et al. 2015) . Whereas conditioning of 3-day-old chicks under high ambient temperature led to heat vulnerability, mild heat stress induced heat resistance: during heat challenge on day 10 post-hatch, the body temperature and plasma corticosterone levels of chicks conditioned on day 3 under moderate heat were significantly lower than those of chicks conditioned under high ambient temperature, as well as of those in non-conditioned chicks (Cramer et al. 2015) . Because ambient heat is expected to increase in the coming decades as a consequence of climate change (Ahuja et al. 2010; Paital et al. 2016) , organisms' ability to adapt to thermal challenges will be key to their survival.
Heat stress affects cellular proteostasis, including the folding of nascent protein chains, protein import into organelles, protein recovery from aggregation, and assembly of multiprotein complexes (Radons 2016) . Cellular proteostasis under stressful conditions is controlled by members of the 70-kDa heat-shock protein (HSP70) family, which is one of the most conserved protein families in evolution whose members are present in all major intracellular organelles (Saibil 2013; Yu et al. 2015; Radons 2016 ). HSP70 proteins also play an important role in mRNA metabolism. Coupling mRNA translation or degradation to HSP70 activity allows the cell to coordinate aspects of mRNA metabolism with the proteostatic state of the cell (Walters and Parker 2015) . Molecular chaperones of the HSP70 family use a nucleotide-dependent conformational cycle to support protein folding (Saibil 2013; Bracher and Verghese 2015; Walters and Parker 2015) .
In a wide range of species, from invertebrates to mammals, physiological responses to thermal stress at the molecular level frequently begin with the activation of HSP70 genes (Norouzitallab et al. 2014; Bracher and Verghese 2015; Stetina et al. 2015; Tedeschi et al. 2015; Horowitz 2016; Metzger et al. 2016) . The expression level of HSP70 can therefore be used as an endogenous biomarker of heat-stress intensity.
Environmental stressors alter genes' expression through multiple mechanisms, including direct effects on gene transcription as well as activation of epigenetic mechanisms, in which histone modifications and methylation of CpG residues in DNA and non-coding RNA, have roles in either repression or activation of genes (McEwen et al. 2015; Miozzo et al. 2015) . Epigenetic changes, especially during critical developmental periods, provide a 'memory' of plastic developmental responses to the environment and are central to the generation of phenotypes and their stability throughout life (Franklin et al. 2012; McEwen et al. 2015; Silberman et al. 2016) . Recent studies have shown that heat shock induces a series of epigenetic modifications, providing evidence for the existence of a heat-stress-related histone code (Fritah et al. 2009; Norouzitallab et al. 2014; Horowitz 2016; Lamke et al. 2016) . Here, we hypothesize that epigenetic alterations along the HSP70 promoter are involved in long-term responses to heat stress. We suggest a role for CpG methylation of a distal part of the HSP70 promoter in regulating differential activation of the HSP70 gene in response to repeated heat stress.
Materials and methods

Bird housing
Male Cobb chicks were obtained on the first day of life from Brown Hatcheries (Hod Hasharon, Israel) . The chicks arrived in boxes containing 50 chicks each, and were divided arbitrarily 10 chicks in each pen in climate-controlled rooms at 30°C under a 22/2 h cycle of artificial illumination with ad libitum access to food and water. Later chicks from each pen received a different heat treatment, as described in 'Heat treatment and Tissue Collection'. All experiments were approved by the Volcani Institute animal experimentation ethics committee and performed according to the guidelines of the European Community Council.
Heat treatment and tissue collection
Heat conditioning was performed as follows. On day 3 post-hatch, the chicks were arbitrarily divided into two groups by the experimenter without application of specific randomization methods. The chicks were transferred into either 36 or 40°C pre-heated rooms for 24 h, giving 'mild-temperature-conditioned chicks' and 'hightemperature-conditioned chicks', respectively. Body temperature was measured for each group of chicks using a digital thermometer (Extech Instruments, Nashua, NH, USA) with AE 0.1°C accuracy that was inserted 1.5 cm into the cloaca. Chicks were killed by decapitation 10 min, 2, 6, and 24 h into the thermal treatment, and 1, 3, and 7 days after heat conditioning. Temperature measurements during conditioning were not measured blindly because they were conducted in different temperature controlled rooms. Temperature measurements during the recovery stage were conducted blindly. Untreated age-matched chicks served as controls. The brain areas matching the Ant Hyp were dissected as demonstrated previously (Kisliouk et al. 2014) . For total RNA and DNA isolation, the tissues were immediately immersed in RNALater (Ambion, Austin, TX, USA).
Heat challenge was performed as follows. On day 10 posthatch, both experimental chick groups were thermally challenged by exposure to 36°C for 24 h. The chicks were measured for body temperature and killed by decapitation 0, 6, and 24 h into the heat challenge. Temperature measurements in this stage of the experiment were conducted blindly. For total RNA and DNA isolation, the brain area matching the Ant Hyp was dissected and immersed in RNALater. For ChIP assays, isolated tissues were immediately frozen in liquid nitrogen and stored at -80°C.
Total RNA isolation and real-time PCR Total RNA was isolated using TriReagent (Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer's instructions. Hypothalamic RNA (0.5 lg) was reverse transcribed to single-stranded cDNA by SuperScript II Reverse Transcriptase and oligo(dT) plus random primers (Invitrogen, Carlsbad, CA, USA). Real-time PCR was performed with 10-ng cDNA in a StepOnePlus Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with PerfeCta SYBR Green FastMix, ROX (Quanta BioSciences, Gaithersburg, MD, USA). Dissociation curves were analyzed following each real-time PCR to confirm the presence of only one product and the absence of primer dimer formation. The threshold cycle number (Ct) for each tested gene (X) was used to quantify the relative abundance of that gene using the formula 2 (Ct gene X -Ct standard). Hydroxymethylbilane synthase (HMBS) was used as the standard for mRNA expression. 
Plasmid constructs and methylation
Constructs were generated by PCR amplification of the following HSP70 promoter fragments (5 0 ?3 0 ): À974 to +99 bp relative to the transcription start site (F-GTCTTGGAGACGTTTCAAGAATGG, R-ATATCTCGAGCCTCTGGTCAGTCAGCCACT), À1374 to +99 bp relative to the transcription start site (F-ATAGAGCTC CAAGGGCATAAATCAGTCTGG, R-ATATCTCGAGCCTCTG GTCAGTCAGCCACT), À1823 to +99 bp relative to the transcription start site (F-ATAGAGCTCTTGCTCCGGGCACTTATCTCT, R-ATATCTCGAGCCTCTGGTCAGTCAGCCACT), and À1823 to À1315 bp relative to the transcription start site (F-ATAGA GCTCTTGCTCCGGGCACTTATCTCT, R-ATATCTCGAGTTT GTTGAGCAGCCCTCATA). Forward primers included restriction site SacI and reverse primers were constructed with restriction site XhoI. PCR products were cloned into pGL3-basic vector (Promega) and digested with SacI and XhoI restriction enzymes (New England Biolabs, Beverly, MA, USA) upstream of the firefly luciferase reporter gene. The plasmids were methylated using the enzyme SssI methylase and its substrate S-adenosylmethionine (SAM) (New England Biolabs). Briefly, 25 lg of DNA was incubated with 100 U of SssI and 640 lM (final concentration) SAM for 16 h at 37°C. Methylation was verified by cleaving the plasmid with HpaII, a methylation-sensitive restriction enzyme that recognizes the CCGG sequences present in the vector, and then analyzed on an agarose gel stained with ethidium bromide. Fig. 1 Long-term effect of heat stress during the critical period of thermal-control establishment on HSP70 mRNA and protein expression. (a) HSP70 mRNA expression during heat conditioning on day 3. Chicks were conditioned for 24 h at moderate (36 AE 0.5°C) or extreme (40 AE 0.5°C) ambient temperatures. Total RNA was isolated from the Ant Hyp of na€ ıve chicks and at 10 min, 2, 6, and 24 h into conditioning. HSP70 mRNA expression was evaluated by Syber Green real-time PCR. The relative gene expression in na€ ıve chicks was set to 1. Each value is the mean AE SEM of 20-30 individual chicks. (b) HSP70 mRNA expression throughout the first week post-conditioning. Total RNA was isolated from the Ant Hyp 1, 3, and 7 days following heat conditioning (recovery) and subjected to Syber Green real-time PCR. Each value is the mean AE SEM of 10-20 individual chicks normalized to that of na€ ıve chicks. (c) HSP70 mRNA expression during heat challenge on day 10. Chicks that were exposed to moderate (36°C) or extreme (40°C) ambient temperature on day 3 post-hatch were reexposed to moderately high ambient temperature of 36 AE 0.5°C a week later. Total RNA was isolated from the Ant Hyp before, and at 6 and 24 h into the challenge. HSP70 mRNA expression was evaluated by Syber Green real-time PCR. Each value is the mean AE SEM of 25-28 individual chicks normalized to the respective control at 0 h, which was set to 1. (d) HSP70 protein levels during heat conditioning on day 3 by western blot analysis. Total protein was isolated from Ant Hyp of na€ ıve chicks and at 6 h into heat conditioning and subjected to immunoblotting with anti-HSP70 antibody. HSP70 levels (70 kDa) were normalized to those of b-actin (45 kDa) for each gel lane. The ratio between HSP70 and b-actin in na€ ıve chicks was set to 1. Upper panel, representative blot; lower panel, densitometric analyses of 14-18 individual chicks (mean AE SEM). (e) HSP70 protein levels during heat challenge on day 10 by western blot analysis. Total protein was isolated from Ant Hyp of 36-and 40°C-conditioned chicks on day 10 before, and at 6 h into heat challenge, and subjected to western blot analysis as described in (d). The ratio between HSP70 and b-actin in 36°C-conditioned chicks was set to 1. Upper panel, representative blot; lower panel, densitometric analyses of 11-13 individual chicks (mean AE SEM). 36°C-cond, 10-day-old 36°C-conditioned chicks; 40°C-cond, 10-day-old 40°C-conditioned chicks. Different letters indicate significant differences at each time point (a and b in the case of heat conditioning at 36°C and a and b in case of heat conditioning at 40°C). Asterisks indicate significant differences between 36-and 40°C-conditioned chicks at *p < 0.05, **p < 0.01, ***p < 0.001.
Luciferase reporter assays PCR-amplified HSP70 promoter fragments in the pGL3-basic vector were transfected into HEK 293T cells grown in 24-well plates using lipofectamine 2000 (Invitrogen; 500 ng vector/well). To monitor transfection efficiency, the HSP70 reporter was co-transfected with 10 ng of pRL-TK vector (Promega); 6 h later, the medium was replaced and cells were incubated under normal (37°C) or heatstress (39°C) conditions for 24 h. Thereafter, the cells were washed with phosphate-buffered saline and lysed in Passive Lysis Buffer (Promega). Luciferase activity in the cell lysates was determined with a dual luciferase reporter assay system (Promega) according to the manufacturer's instructions and read in a VictorLight 1420 luminescence counter (PerkinElmer, Waltham, MA, USA).
Electromobility shift assay (EMSA)
The digoxigenin (DIG) gel-shift kit for 3 0 -end labeling of oligonucleotides (Roche Applied Science, Indianapolis, IN, USA) was used for protein-DNA binding assays. For probe preparation, an HSP70 promoter fragment covering promoter area À1823 to À1415 bp relative to the transcription start site was cut from one of the aforementioned HSP70 constructs with SacI and HindIII (New England Biolabs) restriction enzymes. The fragment was then labeled and used in gel-shift reactions according to the DIG-Gel Shift Kit instructions. Briefly, 0.4 ng of labeled fragment was incubated with 70 ng of human POU2F1 recombinant protein (Abnova, Taipei, Taiwan) at 22°C for 15 min. Unlabeled oligonucleotide (125-fold excess) containing the binding site for POU2F1 was used as the specific competitor for the binding reaction with POU2F1. The samples were electrophoretically separated on a 6% native polyacrylamide gel in 0.5X Tris-borate-EDTA buffer and transferred to a nylon membrane. The membrane was incubated with anti-DIG conjugated with alkaline phosphatase antibody followed by Disodium 3-(4-methoxyspiro {1,2-dioxetane-3,2 0 -(5 0 -chloro) tricyclo [3.3.1.13,7]decan}-4-yl)phenyl phosphate (CSPD) substrate. Chemiluminescence of DIG-labeled DNA-protein complexes was detected using Image Master VDS-CL (Amersham Pharmacia Biotech).
Statistical analysis
Data were analyzed using IBM SPSS statistics (version 20, Statistical Package for the Social Sciences). The Shapiro-Wilk test was used to examine the distribution. As the distribution was normal, the parameters were not transformed. No animals were excluded from the experiments or statistical analysis. Statistical power analysis was not applied for sample sizes determination. Nevertheless, the sample size was determined on the basis of previous studies (Kisliouk et al. 2014; Cramer et al. 2015) . Sample number (N) includes the number of individual chicks in each treatment group or the number of independent experiments (indicated in ' Figure Legends' ). Data are presented as means AE standard error of the mean (SEM). Student's t-test (for two separate comparisons) or one-way ANOVA (for multiple comparisons) with post hoc Tukey Honest significant difference (HSD) test was used to determine the statistical difference between different treatments. Differences were considered significant at p < 0.05.
Results
Heat stress during the critical period of thermal-control establishment has a long-term effect on HSP70 mRNA expression in the anterior hypothalamus (Ant Hyp) To test this hypothesis, we first determined the expression profile of HSP70 mRNA in the Ant Hyp during heat conditioning on day 3 post-hatch at 36 and 40°C by RealTime PCR. These temperatures have been shown to induce, Fig. 2 Effect of heat conditioning on CpG methylation of the HSP70 promoter. (a) HSP70 promoter-driven transcription under normal conditions and heat stress by luciferase assay. The indicated fragments of the HSP70 promoter were cloned into pGL3-basic vector and transfected into HEK 293T cells. Luciferase activity was measured 24 h after incubation under normal (37°C) or heat-stress (39°C) conditions. The luciferase reporter signal of the analyzed promoter fragment was normalized to that of empty pGL3-basic vector. Each bar represents the mean AE SEM of three independent experiments performed in quadruplicate. Different lowercase letters indicate significant differences in luciferase activity between the indicated promoter fragments under normal temperature conditions. Different uppercase letters indicate significant differences in luciferase activity between indicated promoter fragments under heat stress. *Significant difference (p < 0.05) in luciferase activity between normal conditions and heat stress. CpG sites, in each chick, was calculated by dividing the number of methylated colonies along the cluster by the total number of colonies. Error bars represent average methylation percentage at promoter area À1400 to À1000 bp. Each group comprises 6-8 individual chicks; 5-6 clones were analyzed per chick. (d) Methylation percentage of CpG residues within the HSP70 promoter area 1900 to 1400 bp upstream of the transcriptional start site at 6 and 24 h into heat conditioning. The sequence includes four CpG sites (À1817, À1706, À1643, and À1467). Methylation analysis of the cluster was performed similarly to (b). Each group comprises 6-8 individual chicks; 5-6 clones were analyzed per chick. (e) Methylation percentage of the HSP70 promoter area 1900 to 1400 bp upstream of the transcriptional start site 1 day after heat conditioning. Total methylation analysis of the sequence including the four distal CpG sites (À1817, À1706, À1643, and À1467) was performed as described in (d). Each group comprised 5 individual chicks; 5-6 clones were analyzed per chick (1 d post-cond 36°C, 1 day after heat conditioning at 36°C; 1 d post-cond 40°C, 1 day after heat conditioning at 40°C). *Significant difference (p < 0.05) between 36-and 40°C-conditioned chicks.
respectively, heat resilience or vulnerability later in life (Cramer et al. 2015) . As depicted in Fig. 1a , exposure of 3-day-old chicks to high ambient temperatures resulted in a temperature-dependent increase in HSP70 mRNA levels. Whereas exposure to mild heat stress for 2 h caused 2.3-fold induction of HSP70 mRNA expression (p < 0.05; the relative HSP70 mRNA expression in na€ ıve chicks was set to 1), exposure to harsh heat stress resulted in a 13.7-fold increase in HSP70 mRNA levels (p < 0.001). After 6 h of heat conditioning at 40°C, HSP70 mRNA reached maximum levels (16.5-fold increase relative to na€ ıve chicks, p < 0.001). The expression of HSP70 remained high even after 24 h of exposure to high ambient temperature (an increase of 4.8-fold compared to naive chicks, p < 0.01). The expression of HSP70 mRNA at 6 and 24 h into mild heat conditioning remained at the same level as after 2 h of mild heat treatment (Fig. 1a) . HSP70 mRNA expression in both conditioned groups declined shortly after the end of the heat treatment (Fig. 1b) . However, during recovery on the first 3 days post-conditioning, HSP70 mRNA levels in 40°C-conditioned chicks continued to be 1.3-fold higher (p < 0.05) than those in their 36°C-conditioned counterparts (Fig. 1b) . One week after heat conditioning, there were no differences in HSP70 mRNA expression between the two conditioned chick groups (Fig. 1b) . To evaluate the longterm effect of the heat stress inflicted on 3-day-old chicks by the different heat treatments, a week later, both 36-and 40°C-conditioned chick groups were exposed to moderate Results are mean AE SEM of 6 chicks in each group (36°C-cond 0 h, 10-day-old 36°C-conditioned chicks before heat challenge; 36°C-cond 6 h, 10-day-old 36°C-conditioned chicks at 6 h into heat challenge). (e) and (f) methylation percentage of the HSP70 promoter area 1900 to 1400 bp upstream of the transcriptional start site at 6 h into heat challenge of 40°C-conditioned chicks. Error bars represent average methylation percentage of the cluster of four distal CpG sites (e) and individual CpG positions (À1817, À1706, À1643, À1467) in the same cluster (f). Results are mean AE SEM of 6 chicks in each group (40°C-cond 0 h, 10-day-old 40°C-conditioned chicks before heat challenge; 40°C-cond 6 h, 10-day-old 40°C-conditioned chicks at 6 h into heat challenge). *Significant difference (p < 0.05) between 0 and 6 h of heat challenge.
heat challenge of 36°C for 24 h. The long-term effect of heat challenge on HSP70 mRNA expression in the Ant Hyp was found to depend on the level of stress inflicted during the initial conditioning on day 3 (Fig. 1c) . Both the level and duration of HSP70 mRNA expression during heat challenge on day 10 post-hatch were more pronounced in chicks conditioned under harsh versus mild temperatures. The relative HSP70 mRNA expression on day 10 prior to heat challenge in both conditioned groups was set to 1. The maximum amount of HSP70 mRNA was observed in previously 40°C-conditioned chicks at 6 h into the challenge, at which time it was 3.1 times higher than its level before the heat treatment (0 h) and almost 2 times higher than that in the 36°C-conditioned counterparts (p < 0.01; Fig. 1c ). HSP70 mRNA levels in 36°C-conditioned chicks at the same time point were 1.7 times higher than those prior to challenge (0 h, p < 0.05; Fig. 1c) . After 24 h, HSP70 mRNA expression in 40°C-conditioned chicks was still high (1.7 times higher than the level at 0 h; p < 0.05), whereas no significant changes in mRNA expression were detected in their 36°C-conditioned counterparts (Fig. 1c) . Afterward, HSP70 protein levels were also evaluated in the Ant Hyp at 6 h into heat conditioning and heat challenge, at which time point the effect of heat treatment on HSP70 mRNA expression was maximal. As demonstrated in Fig. 1d , an increasing trend (1.2-fold) in HSP70 protein levels was observed at 6 h into mild heat conditioning (36°C). More than 40% increase in the HSP70 level was detected after 6 h of heat conditioning at 40°C (p < 0.05). A week after heat conditioning there were no significant differences in HSP70 protein level between the two conditioned chick groups (Fig. 1e) . However, during heat challenge, the maximum amount of HSP70 protein was observed in 40°C-conditioned chicks at 6 h into the treatment, at which time it was 1.3 times higher than its level prior to challenge (0 h; p < 0.05; Fig. 1e ). HSP70 protein levels in 36°C-conditioned chicks at the same time point were higher than those in the respective control (1.2-fold; p = 0.05, Fig. 1e ).
High-temperature-conditioned chicks have higher methyl CpG levels at a distal Part of the HSP70 promoter than their mild-temperature-conditioned counterparts 1 day after exposure to heat First, the effectiveness of the response of different HSP70 promoter areas to heat was evaluated in vitro using different lengths of the HSP70 promoter ligated to a luciferase vector in HEK 293T cells. The HSP70 promoter constructs included a full-length 'À1823 bp to +99 bp' promoter and two truncated areas 'À1374 bp to +99 bp' and 'À974 bp to +99 bp'. As depicted in Fig. 2a , under normal rearing conditions of 37°C, the full-length promoter construct showed maximal promoter activity in HEK 293T cells (almost 800-fold higher than the mock promoter activity of pGL-basic vector, p < 0.05). The 'À1374 bp to +99 bp' construct demonstrated an almost 600-fold increase in promoter activity relative to the mock control (p < 0.05; Fig. 4 Effect of in vitro methylation of the four distal CpG dinucleotides on HSP70 promoter activity. pGL3-basic plasmid containing HSP70 promoter fragment 1823 to 1315 bp upstream of the transcriptional start site and the empty vector were methylated using the enzyme SssI methylase and its substrate S-adenosylmethionine and then transfected into HEK293 cells. Luciferase activity of methylated plasmids was measured after 24 h incubation under normal conditions (a) and heat stress (b) and compared with that of unmethylated plasmids. The luciferase reporter signal of the fragment À1823 to À1315 bp was normalized to that of the respective empty vector. Each bar represents the mean AE SEM of three independent experiments performed in quadruplicate (met-pGL3-basic, methylated pGL3-basic without insert; met-HSP70 -1823 bp-1315 bp, methylated pGL3-basic including HSP70 promoter fragment 1823 to 1315 bp upstream of the transcriptional start site). Asterisks indicate significant differences in luciferase activity between vector with indicated fragment and its respective control at **p < 0.001, *p < 0.05. Fig. 2a) , and the shortest promoter area, most proximal to the transcription initiation site -construct 'À974 bp to +99 bp', was least effective at inducing HSP70 expression (over 200-fold increase compared to pGL-basic vector; p < 0.05; Fig. 2a) . However, under the stressful heat conditioning of 39°C, the proximal portion of the promoter 'À974 bp to +99 bp' was sufficient to induce a maximal response to stress (3.5 times higher than that at 37°C; p < 0.05; Fig. 2a), implying the presence of heat-stress-activated enhancer elements on the proximal promoter region. Heat stress caused a 30% decrease (p < 0.05) in enzyme activity of the full-length promoter construct relative to its activity in the cells raised at normal temperature (Fig. 2a) . These data indicated the existence of a heat-stress-activated repressor element on the distal part of the HSP70 promoter, 1900 to 1400 bp upstream of the transcription start site. Heat stress did not alter luciferase activity in the 'À1374 bp to +99 bp' HSP70 promoter construct.
To understand the mechanism underlying the different functions, that is, enhancive or repressive, of the different parts of the HSP70 promoter, we assessed the CpG methylation pattern in vivo in the Ant Hyp. The total analyzed HSP70 promoter area (from À1900 to +1 bp relative to the mRNA transcription start site) includes 69 CpG sites, 58 of which are concentrated in the proximal part of the promoter (from À1000 to +1 bp); thus, there were only 11 potential methylation sites in the distal part of the promoter (from À1900 to À1000 bp; upper panel of Fig. 2b) . However, as depicted in the lower panel of Fig. 2b , bisulfite sequencing analysis of single CpG sites at the HSP70 promoter in the Ant Hyp of 10-day-old conditioned chicks revealed low sporadic methylation of the proximal promoter region (58 CpG sites located from À1000 to +1 bp of the transcriptional start site) and hypermethylation of the distal promoter part (11 CpG sites located from À1900 to À1000 bp upstream of the transcriptional start site). Namely, the proximal promoter region, including heat-stress-activated enhancer elements, was mostly unmethylated, whereas the distal part of the promoter, containing heat-stress-activated repressor elements, had much higher total methylation levels. The methylation levels in the distal part of the promoter could be divided into about 30% in the cluster of 7 CpG nucleotides in the area between À1400 and À1000 bp and about 70% in the cluster of 4 CpG nucleotides between À1900 and À1400 bp relative to the transcriptional start site. As the proximal area of the promoter did not present significant DNA methylation, further CpG methylation analyses were performed only on the distal promoter region, including the two clusters of CpG nucleotides, 1400 to 1000 bp and 1900 to 1400 bp upstream of the transcriptional start. Primarily, the effect of heat stress on the methylation profiles of both clusters was evaluated during heat conditioning of 3-day-old chicks. As depicted in Fig. 2c and d, there were no significant changes in methylation level of the distal promoter region during exposure to either high (40°C) or mild (36°C) ambient temperatures. However, 24 h after recovery from the heat stress, the total methylation level of the CpG nucleotide cluster 1900 to 1400 bp upstream of the transcriptional start site in chicks that were exposed to 40°C was 20% higher than that in their 36°C-conditioned counterparts (p < 0.05). There were no significant changes in methylation level of the second cluster, 1400-1000 bp upstream of the transcriptional start site (Fig. 2e) .
Heat stress has a long-term effect on methylation of the distal part of the HSP70 promoter later in life To evaluate the long-term effect of the heat stress inflicted on 3-day-old chicks by the different heat treatments, both (Oct1) binding to a distal HSP70 promoter region in 10-day-old conditioned chicks by ChIP. Ant Hyp samples were immunoprecipitated with anti-Oct-1 antibody and then subjected to real-time PCR with HSP70-specific primers aligning at position 1705 to 1423 bp upstream of the transcriptional start site. Real-time PCR results with HSP70-specific primers aligning at position 73 to 174 bp downstream of the transcriptional start site used as controls. Immunoprecipitation with normal rabbit IgG was used as a background. (c) POU2F1 binding to HSP70 promoter in 36°C-versus 40°C-conditioned chicks 1 week after heat conditioning (36°C-cond 0 h, 10-day-old 36°C-conditioned chicks at 0 h into heat challenge; 40°C-cond 0 h, 10-day-old 40°C-conditioned chicks at 0 h into heat challenge). PCR abundance value of the amplicon 'À1705 bp À1423 bp' in '36°C-cond 0 h' was set to 1. Results are mean AE SEM of 7-8 chicks in each group. *Significant difference (p < 0.05) between 36-and 40°C-conditioned chicks. (d) POU2F1 binding to the HSP70 promoter in 36°C-conditioned chicks at 6 h into heat challenge (36°C-cond 0 h, 10-day-old 36°C-conditioned chicks at 0 h into heat challenge; 36°C-cond 6 h, 10-day-old 36°C-conditioned chicks at 6 h into heat challenge). PCR abundance value of '36°C-cond 0 h' was set to 1. Results are mean AE SEM of 8 chicks in each group. (e) POU2F1 binding to HSP70 promoter in 40°C-conditioned chicks at 6 h into heat challenge (40°C-cond 0 h, 10-dayold 40°C-conditioned chicks at 0 h into heat challenge; 40°C-cond 6 h, 10-day-old 40°C-conditioned chicks at 6 h into heat challenge). PCR abundance value of '40°C-cond 0 h' was set to 1. Results are mean AE SEM of 7 chicks in each group. *Significant difference (p < 0.05) between 0 and 6 h of heat challenge. (f-h) Histone H3 acetylation (H3acet) levels at a distal HSP70 promoter region in 10-day-old conditioned chicks by ChIP. The same brain samples described in (ce) were immunoprecipitated with H3acet antibody and subjected to real-time PCR with the aforementioned HSP70 primers. (f) H3acet levels at the HSP70 promoter in 36°C-versus 40°C-conditioned chicks 1 week after heat conditioning. *Significant difference (p < 0.05) between 36-and 40°C-conditioned chicks. (g) H3acet levels at the HSP70 promoter in 36°C-conditioned chicks at 6 h into heat challenge. (h) H3acet levels at the HSP70 promoter in 40°C-conditioned chicks at 6 h into heat challenge. *Significant difference (p < 0.05) between 0 and 6 h of heat challenge.
conditioned chick groups (36 and 40°C) were exposed 1 week after conditioning to moderate heat challenge of 36°C for 24 h. A week after the heat conditioning, methylation percentage of CpG nucleotide cluster 1900-1400 bp upstream of the transcriptional start site remained 20% higher in 40°C-conditioned chicks than that in their 36°C-conditioned counterparts (65 AE 6% in 36°C-conditioned chicks and 86 AE 4% in 40°C-conditioned chicks, p < 0.05; Fig. 3a) . In general, in the 40°C-conditioned chicks, the methylation level at each CpG site was over 80%, with maximal methylation at position À1467 bp (93 AE 7% compared to 43 AE 6% in 36°C-conditioned counterparts; Fig. 3b) . Heat challenge (6 h) of previously 36°C-conditioned chicks had no significant effect on the methylation pattern of the À1900 to À1400 bp CpG nucleotide cluster ( Fig. 3c and d) . However, a 6-h heat challenge of the 40°C-conditioned chicks resulted in 20% reduction in total methylation level of the cluster (Fig. 3e) . DNA methylation at positions À1817 and À1707 bp, 6 h into the heat re-exposure, was 28 and 35% lower, respectively, than that before the heat challenge (p < 0.05; Fig. 3f ). Methylation level at positions À1643 and À1467 bp also showed a decreasing trend 6 h into the heat challenge compared to 0 h (Fig. 3f) . These results demonstrated that the stringency of the heat stress during the critical period can modulate HSP70 expression under exposure to heat later in life via alterations in the CpG methylation profile of a distal promoter region.
In vitro methylation of a distal part of the HSP70 promoter alters its transcriptional activity under both normal and heat-stress conditions To prove the role of methylation in the distal cluster of the HSP70 promoter in the long-term response to heat stress, we performed in vitro methylation analysis. HSP70 promoter fragment 1823 to 1315 bp upstream of the transcription start site was ligated into the pGL-basic plasmid and then methylated in vitro with the CpG methyltransferase SssI and its substrate SAM. Under normal conditions (37°C), the unmethylated promoter construct decreased luciferase activity (by approximately 80% relative to the pGL-basic plasmid, p < 0.001), whereas the same promoter area, methylated in vitro, induced luciferase expression by almost 30% (p < 0.05; Fig. 4a ). Heat stress (39°C) did not alter the inhibitory effect of the unmethylated distal promoter fragment using the luciferase expression assay (p < 0.001; Fig. 4b ). However, under heat stress, the methylated HSP70 construct had an effect on luciferase transcription opposite that under normal conditions (more than 20% reduction relative to methylated pGL-basic vector, p < 0.05; Fig. 4b ). This observation suggested that CpG methylation can change transcription driven by the HSP70 promoter. Fig. 6 Association of POU2F1 (Oct-1) with NuRD complex. (a) CHD4 levels at the HSP70 promoter in 36°C-versus 40°C-conditioned chicks 1 week after heat conditioning. CHD4 binding to HSP70 promoter was evaluated by ChIP as described in Fig. 5 (c-e) . '36°C-cond 0 h', 10-day-old 36°C-conditioned chicks at 0 h into heat challenge; '40°C-cond 0 h', 10-day-old 40°C-conditioned chicks at 0 h into heat challenge; 'IgG', immunoprecipitation with normal rabbit IgG. PCR abundance value of the amplicon 'À1705 bp À1423 bp' in '36°C-cond 0 h' was set to 1. Results are mean AE SEM of 9-10 chicks in each group. *Significant difference (p < 0.05) between 36-and 40°C-conditioned chicks. (b) Co-immunoprecipitation of POU2F1 (Oct-1) with MTA2 in the Ant Hyp. Protein extracts prepared from Ant Hyp of 10-day-old conditioned chicks were immunoprecipitated with anti-Oct-1 antibody or normal rabbit IgG. Immune complexes (IP) and protein extracts (input) were western blotted (WB) with the indicated antibodies (MTA2 and ACTB). Upper panel illustrates representative data from 36-and 40°C-conditioned chicks. The graph in the lower panel represents quantitation analysis of MTA2 levels in Oct-1-precipitated complex. Results are mean AE SEM of 3 chicks in each group. *Significant difference (p < 0.05) between 36-and 40°C-conditioned chicks.
Increased DNA methylation restricts Both Binding of POU Class 2 Homeobox 1 (POU2F1) to the HSP70 promoter and recruitment of the nucleosome remodeling deacetylase (NuRD) complex in the Ant Hyp of high-temperatureconditioned chicks In silico analysis of the HSP70 promoter area 1900-1400 bp upstream of the transcriptional start site using the TFBIND software program (http://tfbind.hgc.jp) identified numerous putative transcription factor-binding sites. Of these, POU2F1 (Oct-1) was chosen because it was predicted to bind to the analyzed promoter area. TFBIND software recognized at least 25 options for POU2F1 binding to the distal part of HSP70 promoter with high affinity and close proximity to each of the four aforementioned CpG sites (Fig. 5a) . Moreover, Oct-1 is a well-known ubiquitous transcriptional regulator (Pance 2016) , which is also involved in epigenetic regulation of gene expression (Murayama et al. 2006; Shakya et al. 2011) . The binding of recombinant POU2F1 to the distal part of the chick HSP70 promoter was verified by electromobility shift assay (EMSA). A retarded band was identified when DIG-labeled promoter fragment À1823 to À1415 bp, including the four distal CpG sites, was incubated with recombinant POU2F1 protein (Fig. 5b) . Competition with unlabeled oligonucleotide containing the binding site for POU2F1 showed no interaction (Fig. 5b) , indicating specific binding of POU2F1 transcription factor to the distal area of the HSP70 promoter.
To examine whether POU2F1 binding in Ant Hyp is regulated by CpG methylation of the HSP70 promoter, ChIP analysis was performed on both 36-and 40°C-conditioned 10-day-old chicks. As depicted in Fig. 5c , before heat challenge, POU2F1 level in the distal area of the HSP70 promoter was almost 50% lower in the 40°C-conditioned chicks than in their 36°C-conditioned counterparts (p < 0.05). No significant changes were determined in POU2F1 binding to the HSP70 coding region used as a control. Immunoprecipitation with normal rabbit IgG was used as background (Fig. 5c ). However, 6 h into the heat challenge, the amount of POU2F1 at the HSP70 promoter increased almost twofold in 40°C-conditioned chicks, but remained at the same level as before heat re-exposure in their 36°C-conditioned counterparts ( Fig. 5d and e) . These results implied an inverse correlation between CpG methylation of the distal part of the HSP70 promoter (Fig. 3) and POU2F1 (Oct-1) binding ( Fig. 5d and e) .
Furthermore, ChIP analysis of the same promoter region in the 40°C-conditioned chicks on day 10 (challenge 0 h) with anti-acetyl histone H3 antibody demonstrated that reduction in POU2F1 binding to the promoter is accompanied by a 2.3-fold increase in histone H3 acetylation (H3acet) as compared to the 36°C-conditioned chicks (p < 0.05; Fig. 5f ). An inverse relationship between POU2F1 binding and H3acet at the distal HSP70 promoter region in 40°C-conditioned chicks was also observed after 6 h of heat challenge (60% decrease in H3acet as compared to 0 h, p < 0.05; Fig. 5h) . A simultaneous decrease in POU2F1 level and enhancement of H3acet at the HSP70 promoter suggested an association between Oct-1 and the nucleosome remodeling deacetylase (NuRD) complex, participating in the chromatin remodeling by deacetylating histones (Hayakawa and Nakayama 2011; Shakya et al. 2011; Tantin 2013; Pance 2016) . Therefore, ChIP analysis was performed on both 36-and 40°C-conditioned 10-day-old chicks prior to heat challenge with the antibody against the core component of the NuRD complex, i.e., anti-CHD4 (Hayakawa and Nakayama 2011). As presented in Fig. 6a , in contrast to H3acet, CHD4 level at both analyzed HSP70 promoter regions was 40% lower in the 40°C-conditioned chicks than in their 36°C-conditioned counterparts (p < 0.05). CHD4 binding profile at the distal HSP70 promoter area was similar to that of POU2F1.
To determine whether POU2F1 directly recruits the Mta2 subunit of the NuRD complex, Ant Hyp samples from both groups of conditioned chicks were co-immunoprecipitated with Oct-1 and Mta2 antibody on day 10 post-hatch. As demonstrated in Fig. 6b (upper panel) , POU2F1 (Oct-1) coimmunoprecipitated with Mta2, indicating the presence of both proteins in the same complex. Moreover, quantitation analysis revealed lower levels of Mta2 in the 40°C-conditioned chicks than in their 36°C-conditioned counterparts (p < 0.05; Fig. 6b, lower panel) . Therefore, a higher association of Oct-1 with NuRD complex in the 36°C-conditioned chicks could lead to a reduction in H3acet level at the HSP70 promoter. To summarize, CpG methylation of the distal area of the HSP70 promoter modulated binding of the Oct-1-associated NuRD complex, thereby altering histone modifications at its promoter.
Discussion
There are significant variations in the way organisms react and respond to stress. Individual reprogramming of the stressresponse set point induced by early-life stress can lead to either resilience or vulnerability to stress later in life. The neural mechanisms that underlie the responses to stress involve interactions of environmental cues with genetic and epigenetic components (Franklin et al. 2012; Silberman et al. 2016) . We previously showed that heat stress during the critical period of thermal-control establishment in 3-day-old chicks confers a future resilient or sensitized response, depending on the ambient temperature, and involves activation of the hypothalamic-pituitary-adrenal axis (Cramer et al. 2015) . Moreover, excessive heat during the critical developmental period has a long-term effect on new cell generation in the hypothalamus later in life (Kisliouk et al. 2014) . Here, we focused on the epigenetic marking at the promoter of HSP70 (HSPA2) in the Ant Hyp that differentiates between its long-term stress resilience and vulnerability.
We concentrated on the expression regulation of HSP70 because it represents the best-characterized family of highly conserved cytoprotective proteins in most organisms, and its expression is markedly induced by a variety of environmental stressors, including heat stress (Yahav et al. 1997; Ahuja et al. 2010; Norouzitallab et al. 2014; Stetina et al. 2015; Tedeschi et al. 2015; Metzger et al. 2016) . Furthermore, thermal stress effects on proteostasis can lead to early aging and decreased longevity (Paital et al. 2016) . HSP70s protect living organisms from environmental stresses by acting as molecular chaperones to prevent denaturation or aggregation of target proteins, as well as to facilitate protein refolding (Saibil 2013; Walters and Parker 2015; Radons 2016) . Recently, HSPs have attracted attention as potential therapeutic targets for neurodegenerative disorders involving protein misfolding, such as Parkinson's and Alzheimer's diseases, and different types of cancers and viral infections (Lindberg et al. 2015; Yu et al. 2015; Kumar et al. 2016; Radons 2016) .
In this study, we demonstrated a dose-dependent heat-stress response of HSP70 mRNA expression in the Ant Hyp of chicks during the critical period of thermal-control establishment. Much higher HSP70 mRNA induction was detected during heat conditioning at harsh ambient temperatures compared to mild heat. Moreover, heat stress during the critical period of thermal-control establishment had a longterm effect: both the level and duration of HSP70 mRNA expression during heat challenge were more noticeable in chicks conditioned at harsh versus mild temperature. The effect of heat stress on HSP70 protein level was less pronounced than on its mRNA expression. The differences between HSP70 mRNA and protein levels in response to heat stress may be a result of multifaceted regulation of transcription and translation rate as well as mRNA and/or protein accumulation and degradation in the cell (Schwanh€ ausser et al. 2011 ). Other studies have also shown that different heat stress manipulations modulate expression of HSP genes in the chick heart, liver, muscle, and brain, implying that relative mRNA and/or protein level of HSP proteins may use as a marker for heat stress (Yahav et al. 1997; Wang and Edens 1998; Xie et al. 2014; Al-Zghoul et al. 2015; Sun et al. 2015) . However, the long-term regulatory mechanism underlying differential HSP gene expression in response to heat stress was not described previously.
The variability in the response to stress depends on both genetic and epigenetic backgrounds (Zhang and Meaney 2010) . Given that epigenetic mechanisms (DNA CpG methylation, histone modification, and microRNA) underlie the functional alterations in chromatin structure and thereby trigger long-lasting modifications in gene expression in response to stress (Zhang and Meaney 2010; McEwen et al. 2015; Miozzo et al. 2015; Silberman et al. 2016) , it was of interest to assess the methylation pattern of the HSP70 promoter in chicks conditioned under mild versus harsh temperatures. Analysis of single dinucleotides along the HSP70 promoter area extending from À1900 bp to +1 bp relative to the mRNA transcriptional start site showed that, irrespective of treatment, the distal part of the promoter is generally hypermethylated, whereas the proximal CpGs tends to be unmethylated. These results are in accordance with those of Gan et al. (2013) who demonstrated hypomethylation of CpG islands present in a proximal promoter part of the chick HSP70 gene (Gan et al. 2013) . Interestingly, the distal part of the HSP70 promoter (À1900 bp to À1400 bp) is comprised of the four CpG dinucleotides showing the highest level of methylation. This area includes promoter-repressor elements, as demonstrated by a luciferase reporter assay. Methylation level of the distal part of the HSP70 promoter was higher in harsh-temperatureconditioned chicks than in their mild-heat-conditioned counterparts. It should be noted that an increase in total methyl CpG in the distal promoter part (À1900 bp to À1400 bp) of harsh-temperature-conditioned chicks occurred throughout the first week post-conditioning. However, under exposure to heat stress later in life (challenge), methyl CpG levels at the HSP70 promoter of harsh-temperature-conditioned chicks decreased, whereas methylation level of the same promoter region in mildheat-conditioned chicks was unaffected. These observations suggest that CpG methylation at specific locations of the distal promoter region may have a long-term effect on the regulation of HSP70 expression. To verify that methylation of the aforementioned CpG positions can alter HSP70 expression, an in vitro methylation assay was performed. Under normal conditions, in vitro methylation of the four distal CpG dinucleotides induced luciferase expression, whereas the unmethylated corresponding promoter construct decreased luciferase activity. However, under heat stress, CpG methylation attenuated the inhibitory effect of promoter-repressor elements as depicted by luciferase assay. These data indicated that CpG methylation of the distal part of the promoter can change HSP70-promoter-driven transcription.
Methylation status of the promoter can influence the binding of specific transcription factors that maintain chromatin with the appropriate epigenetic marks and thereby regulate gene expression (Zhang and Meaney 2010; McEwen et al. 2015) . On the other hand, different chromatinmodifying complexes, through recruitment of the same factors, can change epigenetic marks, ultimately affecting gene expression (Zhang and Meaney 2010; Lamke et al. 2016) . Epigenetic modifications are thus a candidate mechanism for the environmental programming of gene expression. As a possible mechanism for reprogramming of the heat-stress response, we proposed a role for the recruitment of POU2F1 (Oct-1) to the distal part of the HSP70 promoter, eventually causing a change in histone marks. Oct-1 is a ubiquitous factor that is normally bound to the octamer DNA elements (Pance 2016 ). It has been described as a bipotential and switchable transcriptional regulator in different systems (Shakya et al. 2011; Vazquez-Arreguin and Tantin 2016) . Oct-1 can modulate the chromatin context around it (Murayama et al. 2006; Shakya et al. 2011) . Oct-1 has been shown to play a critical role in the memory function of CD4 T cells via the regulation of epigenetic modifications at the Il2 promoter (Murayama et al. 2006) , and its chromatinremodeling activity relies on recruitment of the histone demethylase Jmjd1 or the deacetylating NuRD complex (Shakya et al. 2011) . Moreover, DNA methylation at a CpG site proximal to the Il2 transcription start site abrogated Oct-1 binding to the promoter in CD4 T cells (Murayama et al. 2006; Shakya et al. 2011) . In silico analysis of the HSP70 promoter identified multiple options for POU2F1 (Oct-1) binding along the distal promoter area (1900 to 1400 bp upstream of the transcriptional start), in close proximity to the all four CpG sites representing the highest methylation levels. The binding of the POU2F1 to this part of the HSP70 promoter was confirmed by two different methods. The first one is EMSA, where recombinant POU2F1 was shown to bind to the DIG-labeled promoter fragment -1823 to À1415 bp. The other is ChIP analysis of the POU2F1 binding to the similar HSP70 promoter area in 36-and 40°C-conditioned chicks on day 10, before and during heat challenge. Moreover, in this study, we demonstrate an inverse relationship between total CpG methylation of the distal part of the HSP70 promoter and recruitment of both POU2F1 (Oct-1) and NuRD complex, which resulted in H3 deacetylation. We suppose that POU2F1 (Oct-1) association with the distal part of the HSP70 promoter may serve as a mark for chromatin remodeling, when the newly estimated epigenetic state can influence subsequent response of the HSP70 gene to heat stress.
As summarized in Fig.7 , an increase in CpG methylation 1 week after heat conditioning at high ambient temperature was accompanied by a reduction in POU2F1 binding and elevation in H3acet levels at the HSP70 promoter. In contrast, heat conditioning at mild ambient temperature revealed no changes in CpG methylation, but the recruitment of POU2F1 to the distal part of the HSP70 promoter caused lower H3acet as a result of the association of Oct-1 with the NuRD complex (Fig.7) . These findings imply that the stringency of heat stress during the critical period can determine the subsequent response to stress via epigenetic regulation of HSP70 expression, namely, via alterations in CpG methylation profile of a distal promoter region, affecting recruitment of POU2F1 (Oct-1) and H3acet. Furthermore, CpG methylation in a distal part of the HSP70 promoter and POU2F1 (Oct-1) binding are important rate-limiting factors in HSP70 expression in Ant Hyp and can be related to epigenetic memory of heat stress, modulating the response to stress later in life.
